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VERIFICATION OF THE REFRACTION MODULE OF THE
IBM RTCC NAVIGATION PROGRAM IN SUPPORT OF MISSION D

By Herbert A. Perkins
SUMMARY

Given low-speed radar data the effects of atmospheric refraction on
the tracking data must be taken into account. This may be accomplished
by computing corrections for, and subtracting them from, the observables.
The IBM RTCC navigation program asccounts for the atmospheric refraction
on the tracking data in this manner with the low~speed refraction module.
This note presents a verification of that module in support of Mission D.

To determine whether or not the low-speed refraction module was func-
tioning properly in earth orbit, five test cases were conducted by IBM
and Mathematical Physics Branch (MPB). The test cases included atmos-
pheric refraction corrections on tracking data from C-band, low-speed
radar data; S-~band, 2-way, low-speed, earth orbit radar data with X-Y and
polar mounts; and S-band, 3-way, low-speed radar data with X-Y and polar
mounts. Since special logic must be used to compute the correction for
the elevation when the initial elevation is less +than 10°, data was
used that also tested this situation.

The IBM and MPB results (corrections and corrected observables) were
compared. The results were found to be in good agreement within the
limitations imposed by the accuracy of the input supplied to MPB by IBM.

Despite the limitations, however, the results were in agreement to
more accuracy than the hardware resolution. Thus, MPB concludes that the
IBM low-speed refraction module is functioning properly for situations
that could be encountered during Mission D.

INTRODUCTION

When low-speed radar data is received, the effects of atmospheric
refraction in the tracking data must be taken into account. This may be
accomplished by computing corrections for, and subtracting them from,
the observables. These corrections are generally referred to as refraction
corrections.



The manner in which the corrections are computed depends on various
factors. The first consideration is the type of frequency on which the
receiver is operating. If the receiver is a C-band station, the correc-
tion process may begin. If the receiver is an S-band station, other fac-
tors must be considered. The second consideration, if necessary, is the
type of Doppler to be processed. If it is 3-way Doppler, the last con-
sideration is the type of S-band station involved. It will be either a
USB station (X-Y mounts with either a 30-ft or an 85-ft dish) or a DSN
station (polar mounts). If it is 2-way Doppler, the next consideration
is whether or not the vehicle whose tracking data is to be processed is
in earth orbit. In either case, the remaining consideration is the type
of S-band station involved, either USB or DSN.

Summarizing, low-speed radar data to be corrected for the effects
of atmospheric refraction may be classified as

1. C-band

2. S-band, 3-way Doppler, with X-Y mounts (USB)

3. S-band, 3-way Doppler, with polar mounts (DSN)

4, 8S-band, 2-way Doppler, with X-Y mounts in earth orbit (USB)

5. S-band, 2-way Doppler, with polar mounts in earth orbit (DSN)

6. S-band, 2-way Doppler, with X-Y mounts not in earth orbit (USB)

T. S-band, 2-way Doppler, with polar mounts not in earth orbit (DSN)

In support of Mission D, the first five types of low-speed radar
data mentioned above must be considered. Thus, the verification of the
refraction module of the IBM RTCC navigation program consisted of checking
the refraction corrections and the corrected observables for those five
types of low-speed radar data.

Each of the five types of low-speed radar data has associated with

it a test case for which IBM and MPB computed the effects of atmospheric
refraction in the tracking data.

SYMBOLS

D ' angle used in polar mounts (Declination, observed)

AD refraction correction for D



=

rec

tra
AE

Me

rad

AX

corrected D

elevation (observed)

elevation of receiver (computed)
elevation of transmifter (computed)
refraction correction for elevation
corrected elevation

earth radius

Doppler (observed)

refraction correction for f
corrected f

angle used in polar mounts (Hour angle, observed)
refraction correction for HA
corrected HA

hertz (cycle per second)

megacycle

radians

angle used in X-Y mounts (observed)
refraction correction for X
corrected X

angle used in X-Y mounts (observed)
refraction correction for Y
corrected Y

slant range (observed)

refraction correction for p

corrected p



PROCEDURES

The effects of atmospheric refraction in tracking data is taken into
account in the IBM RTCC navigation program by the low-speed refraction
module. In particular, this module handles the refraction corrections
for the situations that could be encountered during Mission D, and is the
module used by IBM to conduct the five test cases mentioned previously.

The program used by MPB to conduct the same test cases is one written
specifically for that purpose, and is a double precision program based
on the flow chart and equations found on pages 15 and 16 of reference 1.
It may be noted that although IBM's low-speed refraction does not follow
the flow chart outlined in reference 1, it computes the refraction cor-
rections effectively in the same manner.

IBM provided MPB with the results of the five test cases and with
the input necessary to conduct each case. However, the input data as
well as the results were gquantities of at most 10 digits, and in many
cases, 8 digits. Relative to the IBM double precision program and quan-
tities, the input from IBM limited the accuracy in the MPB computations
and, consequently, the agreement between the two final results.

In four of the five test cases MPB chose 12 frames of observations
to correct for effects of atmospheric refraction. In order to sample
the refraction corrections at different elevations, the 12 frames were
not consecutive. Also, the frames were chosen so that refraction cor-
rections were computed when the elevation angle was both greater than
or equal to and less than 10°. This was necessary due to special logic
that is used when the elevation angle is less thai 10°. TFor one test
case, only 5 frames were provided.

Based on the IBM results, the time interval between frames appeared
to be 0.001667 hours; however, when a time interval of
0.001666666666666667 hours (or approximately 6 seconds) was used, much
better results were obtained in the Doppler computations. It should be
noted that this deviation was made in the input data in order to achieve
a more realistic duplication of the IBM input and results.

The appendix presents a listing of the program used by MPB to com-
pute the refraction corrections, the input, and the MPB final results.
The IBM results may be found in IBM Unit Test File 503705.

Also in the IBM Unit Test File 503705 will be found a test case that
was run by IBM to check the logic associated with a primary station change.



RESULTS

Table I is a summary of each frame used to verify the IBM refraction
correction process for each type of low-speed radar data used in the test
cases. The guantities in the tables are explained in the list of symbols.
The discussion that follows will be simplified by considering these tables.

C-band

A C-band station observes range, azimuth, and elevation. Azimuth
is not corrected for refraction effects, leaving nnly range and eleva-
tion to consider. The digital agreement in the refraction corrections
was not very good. However, this is explained by pointing out that IBM
did not provide refraction corrections for the C-band observables. IBM
provided only the observable as observed and corrected, and only to
10 digits. Subtracting these truncated results in order to obtain the

IBM refraction corrections led to the few digits of agreement in Ap and
AE.

_ The calculaEions of Ap and AE were, in general, in agreement to
1079 e.r. and 10710 rad, respectively. This corresponds to 0.006378 m
(or 0.019134 f£t) and 0.000000005729°.

The digital agreement in Po and EC was, in general, 10 digits. This

is as much as the IBM results would permit. At worst, the calculations
for Pe and Ec agreed to 10 8 e.r. and 1079 rad, or 0.06378 m and

0.00000005729°.

The frames provided by IBM for this test case did not include an
elevation that was less than 10°. However, since the subprogram that
handles C-band radar data also handles S-band, 2-way, earth orbit radar
data, the logic for elevation angles less than 10° could be, and was,
exercised in those test cases.

S-band, 2-way Doppler With X-Y Mounts in Earth Orbit
An S;band station observes range, X and Y (or polar) angles, and
Doppler. The digital agreement in Ap and p, was subject to the same

limitations mentioned in_the C-band results. The calculations for Ap
and fa both agreed to 10 10 e.r., or 0.0006378 m.




Again, the digital agreement in AX, XC, AY, and Yc was restricted

by the limitations mentioned in the C-band results. In general, the
calculations for AX, X , AY, and Y agreed to 10 ° rad, or 0.00000005729°.

The Doppler refraction correction, Af, had a digital agreement of
T digits. This is as much as could be expected considering that E is a
function of X and Y, which were provided to only 10 digits, the Ap's
had to be differenced, and a division by the time interval had to be
made among other calculations. The calculations for Af were in agreement
to 10712 Mc (and in some cases to 10 !3 and 107 !"%) corresponding at worst
to 1078 Hz. 1In computing fc, the digital agreement was 9 or 10 digits

and the calculations agreed to 10 2 or 10 10 Me, corresponding to 1073 Hz.

The first three frames used in the test case involved an elevation
angle that was less than 10°. Therefore, the special logic for such
elevation angles was exercised.

S-band, 2-way Doppler With Polar Mounts in FEarth Orbit

In this test case it was only necessary to check the logic for the
angles since the logic for range and Doppler was checked in the test
case involving S-band, 2-way radar data obtained with X-Y mounts while
tracking a vehicle in earth orbit. 1In general, the digital agreement
obtained in computing AHA and AD was 5 digits and the calculations
agreed to 107 or 107 rad. At the worst, this corresponds to
0.00005729°. 1In computing HAC and Dc’ the digital agreement was T or

8 digits and the calculations agreed to approximately 1077 rad, and in
two frames 10 © rad for HAC, which means 0.00005729°. The digital

agreement in all the quantities was again limited by the limitations
mentioned in the C-band results.

S-band, 3-way Doppler With X-Y Mounts and
S-band, 3-way Doppler With Polar Mounts

Since the only difference between the test case dealing with S-band,
3-way Doppler with X-Y mounts and the test case dealing with S-band,
3-way Doppler with polar mounts is the type of angles involved, and since
the results of both test cases were so similar, the results of both test
cases are discussed together.

AN

In processing S-band, 3-way Doppler radar data, an ephemeris must
be used to compute elevation angles. The ephemeris provided by IBM
was good only to 8 digits. Since all refraction corrections in S-band,
3-way Doppler are a function of the computed elevation angles which in
turn are computed from the ephemeris, the digital agreement in the



refraction corrections was less than, or at best, 8 digits. The digital

agreement in Af was the worst, due to the additional loss of digits in
differencing Ap's.

In computing the refraction corrections, the calculation agreements
differed slightly among the quantities corrected. Generally, AE agreed
to 10”2 rad or 0.00000005729°; Ap to, at the worst, 107! e.r. or
0.00006378 m; AX, AY, AHA, and AD to generally 10”2 rad or 0.00000005729°;
and Af to generally 10 1! Me or 1075 Hz.

In the computation of P the digital agreement was generally 10 digits

and the calculation agreement was to 10 !0 e.r., or 0.0006378 m. 1In the
computation of Xc’ Yc, HAC, and Dc the digital agreement was approximately

T digits and the calculation agreement to 10 © rad, or 0.00005729°. The
digital agreement in computing fc was 10 digits and the calculation

agreement was 10 2 Me or 10 3 Hz.

It should be noted that in the S-band, 3-way Doppler test cases,
IBM used a corrected elevation to compute Ap. This is incorrect since
an observed elevation is to be used for that purpose. This discrepancy
has since been corrected by IBM; however, for the purposes of the two
S-band, 3-way Doppler test cases mentioned above, MPB also used a cor-

rected elevation in computing Ap in order to maintain numerical consistency
with IEM.

Primary Station Change Test Case

Included in the IBM test case that checks the primary station change
logic are a timeline table, data and station characteristics, and the
results. From the timeline table it may be determined what stations
were transmitting at particular times. Combining this information with
the data processed, which includes the time of each frame, it may be
determined at what frame the new transmitter should take over if a primary
station change occurs. Inspection of the timeline table and the data
indicated that a primary station change occurred between frames 25 and
26. 1Inspection of the results indicated the same by means of an online
print statement indicating the current transmitter.

CONCLUSIONS

The major point of the results is presented in table II which
states that the largest errors between the IBM and MPB calculations are
smaller than the hardware resolution capabilities. This implies that




IBM can effectively apply the refraction correction processes with
more accuracy than the hardware is capable of obtaining. Thus, in
support of Mission D, MPB concludes that the IBM low-speed refraction

medule is functioning properly.



TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS

(a) C-band
Ap, e.r. pc, e.r. AE, rad Ec’ rad
Agreement Agreement Agreement Agreement
Frame | Digits| e.r. Digits e.r. Digits rad Digits rad
1 3 10-° 10 10-9 T 10-10 10 10710
2 3 10-° 9 1078 T 10™10 10 10710
3 3 1079 10 1079 T 10~-10 10 10710
31 3 1072 10 1079 6 107° 10 10-10
32 3 1079 10 | 1079 7 10710 10 10-10
33 3 107° 10 1079 7 10710 9 1079
51 3 1072 10 1072 7 10710 10 10710
52 3 10~° 10 | 1072 7 10710 10 10710
53 3 1079 9 1078 T 10-10 10 10710
71 3 1072 9 1078 7 10710 10 10710
T2 3 107° 9 10~8 7 10710 9 107°
73 3 10-2 9 10-8 T 10710 10 10710
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TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS - Continued

(c¢) S-band, 2-way Doppler with polar mounts in earth orbit

AHA, rad HAc’ rad AD, rad Dc’ rad
Frame Agreement Agreement Agreement Agreement
Digits rad Digits | rad Digits rad Digits | rad
1 5 1076 8 10~7 5 10-7 T 10-7
2 5 10-7 8 1077 5 1077 T 1077
3 4 1076 7 1078 5 1078 8 1078
L 5 1077 8 10~7 5 1078 8 1078
| 5 L 1076 7 10-6 b 10~7 8 10-9
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TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS - Continued

(d) s-band, 3-way Doppler with X-Y mounts
Erec’ yad Etra’ rad AR, rad Ap, e.r. Dc, e.r
Frame | Agreement Agreement Agreement Agreement Agreement
Digits | rad |Digits| rad | Digits rad |Digits| e.r. Digits{ e.r.
1 6 1077 8 1077 6 1078 6 1071 10 10710
2 7 1077 8 107 7 1072 T 10712 10 10710
3 7 1077 8 1077 T 1079 6 10711 9 1079
7 7 w071 8 w7 T 1079 7 10712} 10 | 10710
8 8 10781 8 10-7] 8 10°10 ] 8 10°131 10 | 10710
9 7 1077 8 107 7 107° 7 10712 9 1079
b 7 10°7 | 8 07 71 107° 7 107121 10 | 10710
15 7 w77 10-81 1 1079 7 1012} 10 |10710
16 T 1077 8 1077 8 10710 8 10713 10 10-10
50 7 1077 7 1077 T 10710 7 10713 10 10710
51 T 1077 8 1078 8 10711 8 10714 10 10710
52 7 1077 8 10-8 7 10-10 7 10-13 10 10710
AX, rad Xc’ rad AY, rad YC, rad Af, Mc fc, Me
Frame Agreement Agreement Agreement Agreement Agreement Agreement
Digits rad Digits | rad Digits rad Digits | rad Digits Mc Digits Me
1 6 10-8 7 1076 5 10-9 7 1076
2 7 1079 7 1076 5 1079 7 1076 6 10-11 10 1079
3 7 1079 T 1076 3 10710 7 1076 6 10-11 10 107°
7 6 1078 7 10-6 5 1079 7 1076
8 T 1079 7 1076 6 10710 7 1076 6 10-1! 10 10-9
9 7 10-2 it 1076 7 10710 7 10-6 5 1071 10 1079
1h T 10-9 7 10-6 6 1079 7 1076
15 7 1077 7 1078 | 6 1077 8 w7 s w7t 10 |107?
16 7 1079 8 1077 7 10710 T 1076 5 107! 10 10-2
50 6 1079 7 1078 71 10-10 1 7 1078
51 6 1078 7 0] 71 10710 7 1076 3 10710 9 10710
52 6 1079 7 1076 T 10710 8 1077 3 10-10 10 10-°
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TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS - Concluded

(e)

S-band, 3~way Doppler with polar mounts

Erec’ rad Etra.’ rad AE, rad Ap, e.r. pc, e.r.
Frame Agreement Agreement Agreement Agreement Agreement
Digits | rad | Digits |rad | Digits rad | Digits | e.r. Digits | e.r.
1 6 1077 8 10~7 3 108 6 10”11 10 10-10
2 7 1077 8 1077 T 10-9 7 10712 10 10-10
3 7 10-7 8 10-7) 7 1079 6 10-11 9 10-9
7 T 1077 8 1077 7 10-? 7 10712 10 |[10710
8 8 1078 8 1077 8 10-10 8 10-13 10 10710
9 T 10-7 8 1077} 7 10-° 7 10712 9 107°
1k 7 10771 8 1077 1 10-9 7 107121 10 10710
15 7 1077 7 1078 7 1079 7 10712 10 1010
16 7 1077 8 10-7{ 8 10-10 8 10-13 10 10-10
20 7 1077 8 1007 7 1079 7 10712 10 1010
21 7 10-7 8 1077 8 1010 8 10713 10 10710
22 7 1077 8 10771 7 10-° 7 10-12 10 1010
AHA, rad HAC, rad AD, rad ADc, rad Af, Mc fc’ Mc
Frame Agreement Agreement Agreement Agreement Agreement Agreement
Digits rad |Digits| rad |Digits | rad | Digits| rad | Digits Me Digits | Mc
1 6 1078 7 10~ 7 1072 8 1077
2 7 1079 7 107% 1 1 1072 7 10-61 6 10-111 10 f{107°
3 T 10-9 T 10~6 7 1072 7 1076 6 10-11 10 107°
7 6 1078 7 1076 6 1079 7 1076 _
8 7 10-° 7 1076 6 1079 7 1076 6 10~11 10 1079
9 7 10™? 7 10-6 8 10711 7 10~ 5 10-11 10 1079
14 7 10”2 7 10-6 6 1079 7 1076
15 8 10710 7 1076 6 1079 9 1078 5 10-1! 10 |1079
16 7 102 8 1077 7 10710 7 1076 5 10-11 10 10-9
20 7 1079 7 10”8 6 1072 7 1076
21 9 10711 7 10-8 8 10711 7 1076 5 1071 10 1079
22 6 1079 7 1076 6 10-° 7 1076 5 10711 10 1079
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TABLE IT.- COMPARISON OF HARDWARE RESOLUTION

AND SOFTWARE CAPABILITY

(a) Hardware resolution of measurements

Range . . . « « « « & 1 range unit = 1 meter

a o
Angles e e e e e e e 0.00k
Doppler . . . . . . « . 0.01Hz

(b) Largest error found between IBM
and MPB measurements

RaNEE v v v ¢« o & o + o & 10-8 e.r. = 0.0666...m
ANELES v v v h e e . 10-6 rad = 0.00005729°
Doppler « « v « o« 4 . . . 10-% Mc = 0.001 Hz

aAngles include elevation angle, angles used in X-Y mounts
and angles used in polar mounts.
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APPENDIX
LISTING, INPUT, AND RESULTS OF PROGRAM USED IN MPB COMPUTATION

OF REFRACTION CORRECTIONS
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